To determine the effect of xylem hardness and larval body size on the pupal-chamber tunnels (hereafter PCTs) made by Monochamus alternatus, newly hatched larvae were inoculated on Abies sachalinensis, Picea jezoensis, and Pinus densiflora logs and reared in the laboratory. After most larvae had developed well, larval body size and PCT size were measured. Larval body mass was significantly heavier in P. jezoensis and P. densiflora than in A. sachalinensis. AN-COVA with larval body mass as a covariate indicated that the adjusted mean of the median depth of the PCTs was greater in A. sachalinensis and P. jezoensis than in P. densiflora and that the adjusted mean of the PCT length was greater in P. jezoensis than in the two other tree species. P. densiflora xylem is known to be harder than the two other conifers. Consequently, it can be concluded that larvae of equal body mass make deeper and longer PCTs in soft xylem than in hard xylem.
INTRODUCTION
Tunnels in xylem formed by larvae of Monochamus species reduce the value of conifers used for lumber and pulp (Richmond and Lejeune, 1945; Prebble and Gardiner, 1958; Wilson, 1962; Gardiner, 1975) . In pupal chambers (hereafter abbreviated to PCs), which are single rooms in tunnels plugged with "excelsior"-like xylem shreds (hereafter EXSs), Bursaphelenchus xylophilus nematodes, the causative agent of pine wilt disease, enter the tracheal system of newly eclosed adults of Monochamus alternatus (Morimoto and Iwasaki, 1973) . Tunnels constructed by Monochamus larvae promote the process of xylem decay by providing wood-decaying fungi with access sites to the xylem and by changing the xylem microclimate, including temperature, moisture, and gaseous composition through their tunneling and chewing activities (Leach et al., 1937; Swift and Boddy, 1984; Müller et al., 2002) . It is considered that the effects of such tunnels on the economic value of wood, initial nematode load on beetles, and matter circulation in forests differ according to their size and density. The depth and length of the pupal-chamber tunnels (tunnels with a PC, hereafter abbreviated to PCTs) and PCs in xylem may vary depending on Monochamus species, larval body size, and host tree species. Among Monochamus species, the mean depths of PCTs are ca. 2 cm for M. alternatus (Togashi, 1980) , 2.3 to 4.2 cm for M. carolinensis (Togashi et al., 2005) , 7.5 to 9.5 cm for M. scutellatus (Richmond and Lejeune, 1945; Cerezke, 1977) , 3.5 cm for M. sutor in early September (Hellrigl, 1971) , and 14 cm for M. urussovi (Hellrigl, 1971) . In the case of M. carolinensis within Pinus strobus xylem, the depth and length of PCTs increase with increasing larval body mass (Togashi et al., 2005) . Between two host species, P. strobus and Pinus sylvestris, PCTs of M. calorinensis larvae, as observed in xylem collected in the field, are 0.65 cm deeper and 2.5 cm longer in P. strobus than in P. sylvestris (Togashi et al., 2005) . The differences in PCT measures are maintained at any larval body mass, although the depth and length of PCTs increase with increasing larval body mass on each host species (Togashi et al., 2005) , suggesting that host trees affect the depth and length of the PCT directly via the hardness of the host xylem and indirectly via the quality and quantity of the inner bark as larval food resources.
Larval body size depends on the quality and quantity of consumed food. It may also vary depending on the length of the developmental period and initial density. In the study of M. carolinensis (Togashi et al., 2005) , information on the time of oviposition was unavailable for the two populations established in P. strobus and P. sylvestris. Thus, to clarify the effect of host xylem on the size of the PC and PCT, it is necessary to compare the PCTs constructed by larvae allowed to develop for a sufficient time at an equal initial density between different host trees.
Monochamus alternatus adults deposit eggs on dying or newly dead pinaceous trees such as Pinus densiflora and Pinus thunbergii in Japan (Kobayashi, 1988) . The larvae feed on the inner bark and bore tunnels in the xylem. Most larvae excavate U-shaped tunnels and form PCs by plugging EXSs at the entrance to the tunnel (Togashi, 1989) . Most adults emerge from the host xylem in the year following oviposition in Japan. Abies sachalinensis and Picea jezoensis in the family Pinaceae are distributed in Hokkaido, the northernmost main island of Japan, but not on the three other main islands, Honshu, Shikoku, and Kyushu (Yatoh, 1964) , which M. alternatus inhabits. Respective congeneric species, Abies firma and Picea hondoensis, are known to serve as its hosts (Kojima and Nakamura, 1986) although these non-Pinus pinaceous species are occasional hosts. The xylem of A. sachalinensis and P. jezoensis are softer than those of P. densiflora and P. thunbergii (Wood Technology and Wood Utilization Division, 1982) . Considering these facts, we conducted rearing experiments by inoculating newly hatched larvae of M. alternatus on logs of the three species, A. sachalinensis, P. jezoensis, and P. densiflora, and reared them in the laboratory in order to clarify the effect of xylem hardness and nutrient value of the host inner bark on the size of the PC and PCT.
MATERIALS AND METHODS
Insects. Dead P. thunbergii trees infested with M. alternatus larvae were cut into logs in Hamamatsu City, Shizuoka Prefecture and transported to the Koishikawa Arboretum, Bunkyo-ku, Tokyo on 19 January 2006. The logs were placed in 16-mesh, wire-netting cages on 28 April 2006 and adults were collected daily up to 13 August 2006. The adult beetles were reared on P. densiflora twigs individually and were paired 2 to 3 weeks later. Each pair of adults was supplied with P. densiflora branch sections as the oviposition substrate. Eggs were collected from branch sections and placed on moistened paper (JK Wiper ® ) in Petri dishes. Larvae within 24 hours of hatching were used for inoculation into logs. Rearing of adults and incubation of eggs were performed at ca. 25°C under a natural day length.
Logs. Healthy trees of A. sachalinensis and P. jezoensis were felled and the trunks were cut into 70cm-long logs in Furano City, Hokkaido on 4 and 5 July 2006. The logs were placed in plastic bags and transported to the University of Tokyo, Yayoi, Bunkyo-ku, Tokyo for storage at 25°C until used. Trunks of healthy P. densiflora trees were cut into 70-cm-long logs in Nishi-Tokyo City, Tokyo on 29 June 2006. The logs were also placed in plastic bags and stored at 25°C. There was no significant difference in the diameter of the logs used among the three tree species (meanϮSDϭ9.35Ϯ1.80 cm for A. sachalinensis, 9.65Ϯ1.14 cm for P. jezoensis, and 9.35Ϯ0.93 cm for P. densiflora; Fϭ0.17, pϭ0.848 by one-way ANOVA).
Procedures. About 1.5 months after tree felling, on 10-22 August 2006, eight newly hatched larvae were inoculated into each log. To inoculate a larva, a small piece of bark, 1 cmϫ1 cm, was removed to expose the xylem and a small depression was made on the xylem's surface with a carving knife. A larva was placed in the depression and covered with the piece of bark, which was fastened with adhesive cloth tape. Four larvae were inoculated on one side of a log at 6, 23, 40, and 57 cm from the cut end. The others were inoculated on the other side at 13, 30, 47, and 64 cm from the cut end. The inoculated logs were placed individually in transparent plastic bags and kept at a constant 25°C under a photoperiod of 16-h illumination and 8-h darkness. Since larvae of Japanese M. alternatus require chilling for pupation (Okuda, 1969) , the logs were transferred to a room at 5°C in the dark 20 weeks after inoculation.
To determine the survival rate, growth, development, and size relations between larvae, PCTs, and PCs, four or six logs of respective tree species were dissected after about 13 weeks of chilling at 5°C. Living larvae were examined and data were recorded on coloration, presence of food in the intestine, and location classified into five types as defined and described for other Monochamus species (Togashi et al., 2005) ; under the bark (type A), in a tunnel perpendicular to the xylem's surface (type B), in a tunnel curving and extending in the direction of the fibers (type C), in a PC within a tunnel whose entrance vertical to the fibers was plugged with EXSs (type D), and in a PC within a tunnel whose entrance partly in the direction of the fibers was plugged with EXSs (type E) ( Fig. 1 ). They were weighed individually using an electronic balance and head capsule widths were measured using a vernier caliper to determine the larval instar according to Katagiri (1964) and Ochi (1975) ; 0.585-1.170 mm, 1.260-1.935 mm, 1.980-3.150 mm, and 3.150-4.365 mm for 1st, 2nd, 3rd, and 4th instars, respectively. Median (a) and maximum depth (d) from the xylem surface, and length (b) and exit-wall thickness (c) of PCTs were also determined with calipers ( Fig. 1) (Togashi et al., 2005) . Depth and length of a plug made of EXSs in the PCT were measured with calipers. Length of the PC (e) was regarded as b of the PCT for type D and was calculated as bϪbЈ, where bЈ denotes the length of the EXS plug, for type E.
Statistical analysis. A contingency table was used to compare the larval survival rate and the proportion of larvae that formed PCs among the three tree species. Differences in larval body mass, head capsule width, and measurements of PCT and PC were tested among tree species by one-way ANOVA, followed by Tukey-Kramer's test for the comparison of means. ANCOVA was performed with larval body mass as a covariate in order to represent the effects of host trees on the PCT and PC. Spearman's rank correlation coefficient (r) was used to express the relationship between two variables.
RESULTS

Survival rate, growth, and development of larvae on logs of different tree species
All survivors in logs were larvae after 20 weeks of rearing and 13 subsequent weeks of chilling. The survival rate was significantly lower on A. sachalinensis and P. jezoensis than on P. densiflora (c 2 ϭ14.55, pϽ0.001; Table 1 ).
Head capsule width of survivors was largest on P. jezoensis logs and smallest on A. sachalinensis logs (Table 1 ). It ranged from 3.50 to 4.40 mm on A. sachalinensis logs, 4.00 to 4.80 mm on P. densiflora logs, and 4.00 to 4.80 mm on P. jezoensis logs, indicating that the larvae were at the fourth and possibly fifth instars (Kojima and Katagiri, 1964; Ochi, 1975; Togashi, 1991) . Their body mass was greater on P. jezoensis and P. densiflora logs than on A. sachalinensis logs (Table 1) .
Fifty-two of 55 living larvae had no food in the intestine and were yellowish white, whitish yellow, or yellow, indicating that they were in diapause (Togashi, 1991 (Togashi, , 1995 . They had a smaller mean head capsule width and body mass (4.27Ϯ 0.30 mm, 1,144.5Ϯ294.9 mg, respectively) than the 237 Host Tree Effect on M. alternatus Tunnel Fig. 1 . Diagrams of Monochamus alternatus tunnels (B and C) and those with pupal chamber (abbreviated to PCT) (D and E) in the xylem. PCTs in the xylem of thin stems and branches were sometimes "S-shaped" (DЈ and EЈ). a and b represent the median depth and length of PCT, respectively. aЈ and bЈ respectively indicate the depth and length of a plug made of "excelsior"-like xylem shreds in the pupal chamber (hereafter PC). c represents the thickness of the xylem wall between the xylem surface and the PCT end that the beetle will open to emerge. d denotes the maximum depth of the PCT from the xylem surface. e represents the PC length. Shaded part represents the xylem (after Fig. 1 of Togashi et al., 2005). remaining three white larvae (4.78Ϯ0.08 mm, 1,271.2Ϯ162.9 mg, respectively), which retained food in the intestine and were in C-type tunnels within P. jezoensis logs. The percentage of larvae within PCs (type D or E) was highest (95.7%) in P. densiflora logs, followed by A. sachalinensis logs (75.0%) and then P. jezoensis logs (68.8%), although there was no significant difference in the percentage of larvae constructing PCs (c 2 ϭ5.30, pϾ0.05) ( Table 2) .
Sizes of PCTs and PCs that larvae made in logs of different tree species
There were no differences in the measurements of PCTs and PCs between types D and E for each tree species (one-way ANOVA, pϾ0.05) except for PCT length (b) in A. sachalinensis (Fϭ7.21, pϽ 0.05) and maximum PCT depth (d) in P. jezoensis (Fϭ9.90, pϽ0.05) . Thus, the PCT and PC were analyzed without distinguishing between the two types and they were pooled. Median depth (a) of PCTs was significantly greater in P. jezoensis than in A. sachalinensis and P. densiflora (Table 1 ). The PCT length (b) was significantly greater in P. jezoensis and P. densiflora than in A. sachalinensis (Table 1) . The PC length (e) was greatest in P. jezoensis and lowest in A. sachalinensis (Table 1) .
Effects of larval body size and tree species on PCT and PC sizes in xylem
There was a positive correlation between larval body mass and median depth of the PCT in P. densiflora but no significant correlation in A. sachalinensis or P. jezoensis (Fig. 2) . ANCOVA indicated that the median depth of the PCT differed among There was a positive correlation between larval body mass and PCT length in P. densiflora but no correlation in A. sachalinensis or P. jezoensis (Fig.  3) . ANCOVA revealed that the PCT length differed among the three conifers (Fϭ4.46, pϽ0.05 for PCT length; Fϭ4.08, pϭ0.051 for larval body mass as a covariate). The adjusted mean of PCT length was 7.36 cm (SEϭ0.66 cm), 10.10 cm (SEϭ0.81 cm), and 7.83 cm (SEϭ0.42 cm) for A. sachalinensis, P. jezoensis, and P. densiflora, respectively.
PC length was prone to increase with increasing larval body mass although there was no significant correlation between them for any of the tree species (rϭ0.273, pϭ0.427 for A. sachalinensis; rϭ0.233, pϭ0.522 for P. jezoensis; rϭ0.421 , pϭ 0.058 for P. densiflora). ANCOVA indicated that PC length did not differ among the three conifers (Fϭ2.63, pϭ0.086 for PC length; Fϭ6.37, pϽ0.05 for larval body mass as a covariate).
DISCUSSION
This study showed that the mean size of well-developed M. alternatus larvae varied depending on the host tree species; larvae were smaller on A. sachalinensis than on P. jezoensis and P. densiflora. It also showed that the median depth (a) and length (b) of M. alternatus PCTs were prone to increase with increasing larval body mass in each of the conifers, except for the PCT length in P. jezoensis. PC length was also prone to increase with increasing body mass in each conifer. These results suggested that large larvae excavated deeper and longer PCTs than small larvae. This was also observed in M. carolinensis larvae inhabiting Pinus strobus and P. sylvestris in the field (Togashi et al., 2005) .
The adjusted mean of the median depth of M. alternatus PCTs was greater in A. sachalinensis and P. jezoensis than in P. densiflora, and the adjusted mean of PCT length was greater in P. jezoensis than in the two other tree species, when larval body mass was used as a covariate in ANCOVA. P. jezoensis has the smallest xylem hardness value (0.688 kg/cm 2 for the tangential surface and 3.51 kg/cm 2 for the end surface), which is measured as the load required to embed a 10-mm steel ball to 1/p (ϭca. 0.32) mm (Wood Technology and Wood Utilization Division, 1982) , followed by A. sachalinensis (0.901 kg/cm 2 and 3.92 kg/cm 2 ) and P. densiflora (1.86 kg/cm 2 and 5.21 kg/cm 2 ) in increasing order. Consequently, it can be concluded that larvae construct deeper and longer PCTs in soft xylem than in hard xylem. Comparison of the PCTs made by a field M. carolinensis population between P. strobus and P. sylvestris (Togashi et al., 2005) revealed the same conclusion as in this study. Thus, the tendency for M. alternatus to make shallow, short PCTs in A. sachalinensis and P. densiflora logs compared with P. jezoensis logs may be explained by the poorly grown larvae on A. sachalinensis, and possibly by the harder xylem of P. densiflora, respectively.
In contrast to the study of M. calorinensis (To-239 Host Tree Effect on M. alternatus Tunnel gashi et al., 2005) , ANCOVA in this study revealed no difference in M. alternatus PC length among the three tree species. This might mean that PC length was dependent on larval body size irrespective of the xylem hardness of host trees.
M. alternatus adults developing from large larvae carry many more B. xylophilus than those developing from small larvae in the laboratory (Aikawa et al., 1997) . Positive correlations are observed between larval body mass and size of PCs or PCTs in M. calorinensis (Togashi et al., 2005) , and these relationships might also be approved in M. alternatus in the present study. Artificial holes made in xylem congregate B. xylophilus in nematode-infested P. thunbergii trunks (Morimoto and Iwasaki, 1973) . These results suggest that the initial load of B. xylophilus on a Monochamus beetle may be associated with the size of the PC and PCT as well as larval body mass. Consequently, xylem hardness may contribute to the difference in the initial nematode load when there is a great difference in xylem hardness among trees.
